INTRODUCTION
he first systematic and extensive test programme on size effect was carried out by Kani [1] . He pointed out that test specimens used in laboratory experiments with depths ranging from 250 to 400 mm were considerably smaller than actual structural members. Kani further demonstrated that the safety factor for the large beams could be about 40 percent lower than the geometrically similar smaller beams. From Kani's tests, it has been established that size effect exists in shear-loaded slender beams. The experimental information on the size effect is very scarce and most beams reported were slender beams with shear span to effective depth ratio a/d exceeding 2.5. The investigations of size effect of normal concrete deep beams were reported by Tan and Lu [2] and Walraven and Lehwalter [3] . For the investigation by Taylor [4] considered that the mechanism of aggregate interlock contributed substantially to the shear capacity, while keeping the particle size constant and increasing the beam size should lead to decrease of the aggregate interlock contribution. According to Taylor's analysis, the size effect would be impossible to occur in lightweight concrete and high-strength concrete beams. This is because in these beams the cracks go through the aggregates instead of going around them. His size effect theory, however, was unconfirmed by the later tests. In 1978, Walraven [5] tested two series of three beams each, in which the size effect in lightweight and normal weigh concrete specimens were compared. The results showed a very pronounced size effect occurred in lightweight concrete beams. Bazant and Kim [6] and Bazant and Sun [7] then applied fracture mechanics principles to analyze the test data existing in literature. The cracking produced by shear was assumed to propagate with a dispersed zone of microcracks at the fracture front. To take the dispersed and progressive nature of cracking at the fracture front into account, some assumptions have been introduced: the total potential energy release caused by fracture in a given structure is a function of both the length of the fracture and the area of the cracked zone. Dimensional analysis of the energy release rate then showed that the nominal shear stress at failure should not be a constant but should vary as   d is the maximum aggregate size, and 0  is empirical constant. He observed that the size effect on the ultimate strength was insignificant in small beams. However, in much large beams the shear strength considerably decreased with increasing size. It was also found that the size effect had little or no influence on diagonal cracking strength. It is already known that size effect occurs in both short and long beams with normal-strength concrete. In recent years with the rapidly increasing use of highstrength concrete, this issue becomes more important. High-strength concrete is generally known to be more brittle than normal-strength concrete. This will result in strong size effect in high-strength concrete beams. However, the experimental information on this subject is very limited. A systematic experimental program with two series of beams with a/d of 2 and 3.5 is reported in this paper attempts to provide more data on shear behavior of high-strength concrete beams affected by size. The result should be useful for evaluating design methods used for high-strength concrete beams. The influence of the web reinforcement is also considered here. The code and equations included for comparison purpose are the ACI 318-95 Building Code [8] , Zsutty's equation [9] , Bazant's method [7] , and Strutand-Tie model [10] .
Experimental Investigation on Size Effect in
Shear of High-Strength Concrete Beams Tavio   1 T MATERIALS AND METHODS This paper presents an investigation on the size effect in high-strength reinforced concrete beams. Two series of beams with a/d of 2 and 3.5 is reported in this paper. The effective depth of specimens ranged from 200 to 700 mm. The web reinforcement percentage of specimens ranged from 0 to 0.57%. The experimental investigation is very useful to provide a verification to confirm that the ultimate shear stress is size dependent and the web reinforcement percentage does not affect the size effect. The 18 test results are then compared with predictions from the ACI Code, Zsutty's equation, Bazant's method, and Strut-and-Tie model to show the accuracy of each method in predicting the trend on the influence of effective depth in highstrength reinforced concrete beams. Specimen Details. Eighteen simply supported reinforced high-strength concrete beams were to be tested under two-point loading. It is already known that the thickness of the beams has no contribution to size effect [6] , so all test beams were chosen to have the same width of 185 mm. The test beams were divided into two series with different a/d ratio of 2 and 3.5. In each series, three groups of beams were cast according to the different percentages of web reinforcement. In each group the effective depths of the specimens were varied from 200 to 700 mm, whereas all other variables remained constant. The specimen dimensions and other parameters are given in Table 1 . The beams were geometrically scaled appropriately in all respects (see Fig. 1 ) except the maximum aggregate size which is maintained at 20 mm. Previous investigation by Walraven [5] indicated that there was no significant influence of the maximum aggregate size on the size effect in shear behavior. All of the specimens were designed to fail in shear as far as possible.
Materials.
The compressive strength of the concrete was designed to be about 100 MPa for all the specimens. The slump of the mix was about 200 mm. Two 150  150  150 mm concrete cubes and two 150  300 mm concrete cylinders were cast and tested together with each specimen to obtain the compressive strength of concrete, cu f and ' c f . Since the beams were cast in different batches, regression analyses were carried out for concrete compressive strength in each batch. Different average concrete strength of each beam specimen was then obtained from the results of these regression curves according to the age of specimen at the time of testing. The results are given in Table 1 .
To prevent flexural failure from taking place, a relatively high percentage of main steel ratio of 3.98 percent was employed for all two series of specimens. There are two types of reinforcement bars used in the beam specimens: deformed high tensile steel (T bar) and plain round mild steel (R bar). The average yield stresses of the steels used in the specimens are tabulated in Table Test Procedure. The typical set-up for specimens is shown in Fig. 2 . The test specimens were loaded by two 1000 KN actuators. Before testing, each specimen was white-washed on one surface and 150 mm  150 mm grids were drawn in pencil to facilitate crack detection. Deflections of the beam specimens were measured using Linear Voltage Displacement Transducers (LVDTs) located at the bottom central line of the beams at seven locations.
The flexural cracking stress, the initial inclined cracking shear stress and the ultimate shear stress were investigated. Furthermore, the influences of shear span to effective depth ratio (a/d), web reinforcement percentage and effective depth on those three stresses were investigated.
RESULT AND DISCUSSIONS
Deflections. The midspan deflections of all the test beams are shown in Fig. 3 , plotted against shear stress v u = V u /(bd). Compared to normal-strength concrete beams, these curves are relatively more linear indicating the more brittle nature of the failure of the highstrength concrete beams. Within each figure the influence of percentage of web reinforcement is also shown. The difference in inclination of these curves occurred mostly after the formation of inclined cracks indicating that providing web reinforcement in the shear spans would increase the stiffness of these beams after diagonal cracking occurred.
Flexural Cracking. The flexural and inclined cracking loads, ultimate loads, and the failure modes of the 18 beams are shown in Table 2 . The first crack to form in all the test beams was the flexural crack which formed close to the bottom of the beam in the mid-span region. The stress in which the first flexural crack formed varied from 5 to 25 percent of the ultimate loads. Generally, the flexural crack development would slow down or even stop soon after the diagonal crack formed. It can be observed in Table 2 that web reinforcement has no significant delaying effect in the formation of the first flexural crack because the flexural crack appears just when the principal tensile stress in the concrete exceeds its tensile strength. It is worth noting that Fig. 4 shows no clear size effect on the flexural crack formation.
Inclined Cracking. Unlike that of the flexural cracks, the formation of the inclined cracks was rather sudden and with a thud, especially in beams without web reinforcement. The width of the inclined crack when it was first measured was around 0.1 mm and it increased rapidly with additional load. Generally the crack widths of beams with web reinforcement are around 2 mm at failure, while the crack widths of beams without web reinforcement are usually over 3 mm at failure. The values of the inclined cracking stresses as shown in Table 2 are scattered. They were sensitive to the judgment of the observer during testing. The beams without web reinforcement having a/d of 3.5 (B-3.5-200, and B-3.5-400, and B-3.5-700) failed when the first diagonal crack occurred. For beams without web reinforcement having a/d of 2 (B-2-200, and B-2-400, and B-2-700), their diagonal cracking stresses ranged from 29 to 35 percent of the ultimate stresses. For the beams with web reinforcement, the diagonal cracking stresses were ranging from 20 to 40 percent of ultimate stresses. Table 2 also shows that web reinforcement has little effect on the initial inclined cracking. This is expected since only after diagonal cracks occur does the web reinforcement begin to function and delay the further development of the diagonal cracks which lead to the final shear failure of the beams. Therefore, web reinforcement has significant beneficial effect on the ultimate load. Fig. 5 shows the influence of a/d ratio on the initial inclined cracking stresses. Except for the beams with 700 mm effective depth, a/d ratio has some influence on the initial inclined cracking stress for the smaller beams. Such influence is slight and insignificant for the beams without web reinforcement, and might be pronounced for the beams with web reinforcement. Fig. 6 shows the influence of the effective depth on the initial inclined cracking stress within these three series. Except for one group (V-3.5-200, V-3.5-400, V-3.5-700) the other five groups of beams show slight size effect on the initial diagonal crack. This is different from previous investigation by Bazant and Kim [6] which concluded that the size effect should be nonexistent for the true crack initiation. Because the initial diagonal crack stresses are sensitive to the judgment of the observer, we could not get the conclusion that whether or not there is size effect existed in the initial crack stresses. Crack Pattern and Failure Modes. Fig. 7 shows the crack distributions for all 18 beams together with the total loads at which each crack was first observed, as obtained by accurate mapping of each individual beam after failure. The failures of beams having web reinforcement were slower and were in a more ductile mode. The shear failure modes of beams vary with the shear span to depth ratio and the amount of longitudinal steel content (Ahmad, Khaloo, and Poveda [11] ). In this experimental programme, we observed that the effective depth also have some influence on the failure modes. There are three types of shear failure in this project, namely: diagonal splitting and diagonal tension and shear compression. Diagonal splitting was the most common failure mode of the beams with a/d ratio of 2. Beam specimens with a/d ratio of 3.5 always failed by diagonal tension. Note that, beam VV-2-200, VV-2-400, VV-3.5-200, VV-3.5-400, and VV-3.5-700 failed in flexure by crushing of the compression zone. It is noted that beam VV-2-700 with heavier web reinforcement failed in shear compression, while the other two beams in the same group (VV-2-200, VV-2-400) failure in flexure. This is due to the pronounce size effect for large size short beam. The shear capacity in these beams is less than the small size beams, while the flexure capacity remains the same. Therefore large size beams with small a/d ratio tend to fail in shear than the similar beams with small sizes.
Influence of a/d Ratio. The ultimate shear stresses of the beams are summarized in Table 2 . As expected, the beams with a/d ratio of 2 showed substantially higher shear strength than those with a/d ratio of 3.5. This can be attributed to arch action in the beam. Many researchers have shown that for small a/d ratio, part of the load is transmitted directly by diagonal compression to the supports. This is not a shear transfer mechanism, because it does not transmit a tangential force to a nearby parallel plane, but permits the transfer of a vertical concentrated force to a reaction and thereby reduces the demand on other types of load transfer mechanisms and increases the failure load. Fig. 8 shows that for beams without web reinforcement, ultimate shear stress of beams with a/d of 2 is more than 3 times that of the beams with a/d of 3.5.
For the beams with web reinforcement, the difference is smaller.
It is generally known that increasing a/d decreases the shear strength in shallow beams although there is no arch action in these beams. For the same applied load, larger a/d means larger bending moment in the shear span. Therefore, the depth of penetration of the flexural cracks increases, and also the inclined crack width increases. The decrease of the shear strength carried by aggregate interlock and the uncracked compression zone will result. Previous researcher Elzanaty et al. [12] found that for higher web reinforcement ratio, increasing a/d ratio of the shallow beams, the reduction is slight. For lower web reinforcement ratio, such reduction is significant. This is due to the yielding of the longitudinal reinforcement at the failure, which limited the shear transfer at the crack location including the aggregate interlock and the dowel action of the longitudinal reinforcement. is not a constant which equal to the shear strength of the beams without web reinforcement. This is due to the fact that web reinforcements not only carry shear themselves but also enhance the strength of the other shear transfer mechanisms. The web reinforcements provide support for the longitudinal reinforcement and prevent the main bar from splitting from the surrounding concrete, thus greatly increase the strength of dowel action. Meanwhile the web reinforcements help to contain the crack, limit its propagation and keep its width small. These effects increase both the shear strength carried by aggregate interlock and the shear strength of the uncracked compression zone. Web reinforcements also increase the strength of the compression strut of the internal truss system by providing confinement. Although they do not affect the initial inclined cracking stress, they enhance the concrete contribution at the ultimate shear strength by increasing the capacity of the different shear transfer mechanisms. Fig. 9 shows the influence of the effective depth on the ultimate stress of testing beams. As indicated, the failure mode of Beam VV-2-200, VV-2-400, VV-3.5-200, VV-3.5-400, VV-3.5-700 are flexure failure. The figure shows more or less size effect on the ultimate shear strength, especially for those short beams. Because the shear capacity in short beams consists of beam action and arch action (strut and tie mechanism), and the latter component is strongly affected by the size effect (Walraven and Lehwalter [3] ).
Influence of Effective Depth d.
It is also worth noting that the same trend size effect occurred in both beams with and without web reinforcement. In other words, there is no size effect in the shear strength contributed by the web reinforcement.
However, for beams from d of 200 mm to d of 400 mm, this effect is very small and insignificant. As for the beams with a large size (d = 700 mm), this size effect begins to be pronounce especially for the short beams. This phenomenon is approved by the previous investigation conducted by Bazant and Sun [7] . For very small size beams, the strength criterion is dominant and there is no significant size effect, while for large size beams, the size effect is according to the linear elastic fracture mechanics described by the inclined straight line.
Comparison of Test Result with Share Design
Equations. Four design methods are compared to assess their safety and accuracy for shear strength predictions of 18 high-strength concrete beams. The four predictions are those according to: ACI Code, Zsutty's method, Bazant's method, and Strut-and-Tie model. 318-95 [8] ). ACI Code is based on the traditional method of 45 truss model and the equations used are: Zsutty's Equations [9]. Zsutty's formula is purely empirical, based on statistical analysis of the existing test data. The equations used are: Strut-and-Tie Model [10] . A number of strut-andtie models [10, 13, 14] have been proposed for design of reinforced concrete deep beams. A set of equations to estimate the shear strength was developed by Matamoros [10] based on simple strut-and-tie model. The principal mechanisms of shear resistance in deep beams with vertical web reinforcement can be recognized as two parts: an arch mechanism and a truss mechanism. The arch mechanism is represented by a direct strut between the load point and the support, as shown in Fig. 10(a) . The inclined concrete strut was assumed to have a uniform width st W defined by the geometry of the node at the support (Fig. 10(c) ) : sin cos
ACI Code (ACI
where b l is the width of bearing plate, W is twice the distance between the centroid of the main reinforcement and the bottom of the beam, and  is the angle between the inclined strut and the main reinforcement that was approximated as
The contribution of vertical web reinforcements to the total shear strength is carried by a truss in which the vertical tie ( Fig. 10(b) ) represents the vertical reinforcement. An effective width for the tie was defined to quantify the contribution of distributed reinforcement to the total shear strength. In typical deep beam after cracking, strains near the support and the load are small. Furthermore, the tie located at the center of the shear span as shown in Fig. 10(b) . So the effective width for the vertical tie was defined as /3 a , as shown in Fig. 10(d) . The total shear strength of the deep beam with vertical web reinforcement is calculated as the sum of the components attributed to each of the two mechanisms. Table 3 shows the ratios of the predictions to the experimental values of the four different methods. In Table 3 , beams VV-2-200, VV-2-400, VV-3.5-200, VV-3.5-400, and VV-3.5-700 were not included, because they failed in flexure. Strut-and-Tie model is applicable for deep beams only, so the results of slender beams predicted by Strut-andTie model are not included in Table 3 and Fig. 11 .
Beams without web reinforcement with a/d = 3.5, shallow beams. Fig. 11(a) shows that ACI Code is safe for small beams but it may not be as safe for large beams. Zsutty's equation overestimates the strength of beams without web reinforcement, especially for the large size beam. Bazant's method predicts well the trend of size effect although it overestimates the shear strength of the beams.
Beams without web reinforcement with a/d = 2, short beams (Fig. 11(b) ). ACI Code states that the nominal concrete shear strength defined in the equation is based on the shear causing inclined crack. Unlike the shallow beams, which usually fail soon after the formation the inclined crack at the shear span, the short beams can still carried more load due to the arch action. The ultimate loads of the short beams are usually much higher than their inclined cracking load. Therefore, ACI Code gives rather conservative predictions for these short beams, but it still can be seen that this conservative trend decreases with the increase of the beam sizes. Both ACI Code and Zsutty's equation are safe for small beams and tend to be unsafe for the large beams. Bazant's method predicts the trend of influence of the effective depth is not as well as in shallow beams. It also underestimates the ultimate strength. Strut-and-Tie model predicts well the trend of influence of effective depth, but it overestimates the shear capacities of HSC deep beams.
Beams with web reinforcement with a/d = 3.5, shallow beams. Bazant's method gives a relatively good prediction for such beams. ACI Code gives safe predictions, but it can be foreseen that its prediction may be unsafe for large size beams because its safe trend of prediction decreases with the increase of the beam sizes. Similar to ACI Code, Zsutty's equation underestimates the shear strength for a small beam and tends to be unsafe for predicting the large beam. Beams with web reinforcement with a/d = 2, short beams. The prediction in these beams is quit the same to the short beams without web reinforcement with the same a/d ratio.
From above discussion, we can see that Bazant's equation predicts a well trend on the influence of effective d in high-strength concrete slender beams, however, its prediction underestimates the size effect in short beams. Strut-and-Tie model predicts well trend on the influence of effective d in high-strength concrete deep beams, however, its prediction overestimates the ultimate shear stress of all the deep beams. The other methods can not give a good prediction on the influence of the effective depth in this experimental program.
CONCLUSIONS
Compared to normal-strength concrete beams, highstrength concrete beams show more brittle nature in the failure as expected. The shear stress vs. midspan deflection curves obtained from experiment are relatively more linear indicating the more brittle nature of the failure of the high-strength concrete beams. The beams with lower a/d of 2.0 showed higher ultimate shear strength capacity than the beams with a/d of 3.5 due to the arch action. There is more pronounced size effect in large size beams than in small size beams. There is pronounce size effect in short beams than in slender beams, In other words, the shear resistance contributed by arch action shows more size effect than that contributed by beams action. Web reinforcements were effective in restraining the increase of diagonal crack width, therefore reduced the deflection after the formation of the inclined crack. Web reinforcement not only carried shear themselves but also enhanced the strength of the other shear transfer mechanisms. Web reinforcement had no delaying effect in the formation of the first flexural and inclined cracks in concrete beams, but greatly increased the ultimate shear strength. There was no size effect in the shear strength contributed by the web reinforcement. The safety of both ACI Code and Zsutty's equation reduce for the lager size beams. ACI Code is also unsafe for those larger shallow beams without web reinforcement. Bazant's equation is unsafe for the shallow beams without web reinforcement. Strut-and-Tie model predicts well the trend on the influence of effective depth in high-strength concrete deep beams, but it overestimates the shear capacities of all tested deep beams. Bazant's equation predicts well the trend on the influence of effective depth in high-strength concrete slender beams.
